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Factors affecting the thin cell performance of a liquid crystal cell are analyzed. Examples based on
vertically aligned thin cells are given to illustrate these effects. When the cell gap is below ⬃2 m,
the liquid crystal alignment material, layer thickness, and anchoring energy all play important roles.
The first two factors affect the threshold and on-state voltage, while the last one affects the operating
voltage and response time. Three reflective liquid crystal cells are studied experimentally. Good
agreement between experiment and theory is obtained. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2841642兴
Fast response time is critically important for reducing
the motion blurs of liquid crystal display televisions 共LCD
TVs兲 and the color breakup of color sequential LCDs. To
shorten response time, thin cell gap is a straightforward approach because the liquid crystal 共LC兲 response time is proportional to the LC layer thickness 共d兲 as o ⬃ dx, where the
exponent x is dependent on the surface anchoring energy. It
varies between 2 and 1 from strong to weak anchoring.1–3
For transmissive LCD TVs,4 a typical cell gap is 3.5 m and
the trend is to go thinner. In color-sequential projection displays using a single reflective liquid crystal on silicon
共LCOS兲 panel,5 color breakup would be negligible if the LC
response time can be reduced to ⬃1 ms.6 A typical cell gap
for LCOS is 2 m, in which color breakup is still noticeable.
There is a strong need to use a thinner cell gap for achieving
a faster response time.
As the LC cell gap is reduced, several factors such as the
alignment layer thickness and surface roughness which are
negligible in thick cells become important. A typical polyimide 共PI兲 alignment layer is about 100 nm thick and there are
two such layers in a LC cell. The dielectric property of these
PI layers would shield a portion of the applied electric field
in a thin cell, which results in an increased threshold voltage
and on-state voltage. The anchoring energy of these alignment layers would affect the dynamics of the LC response.
Moreover, the surface roughness of these alignment layers
would reduce the effective birefringence 共⌬n兲 of the LC
layer.7
In this letter, we analyze the factors affecting the performances of thin LC cells in both transmissive mode and reflective mode. To demonstrate the key impact, we use a vertical alignment 共VA兲 cell8,9 as an example. We focus our
analyses on the alignment layer’s dielectric and anchoring
energy effects on the operating voltage and response time. In
experiment, the voltage-dependent reflectance of three thin
VA LCOS cells was measured. Parameters of alignment layer
thickness, pretilt angle,10,11 anchoring energy, and effective
⌬n were extracted. Good agreement between the experiment
and theoretical model is obtained.
In a LC cell, part of the applied voltage is shielded by
the alignment layers, e.g., PI or SiOx, due to their dielectric
properties. To analyze the voltage shielding effect, a LC cell
can be treated as three capacitors 共two alignment layers and
a兲
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one LC layer兲 in series.12 The relationship between the effective voltage on the LC layer 共VLC兲 and the applied voltage
共VAP兲 is derived as follows:
VLC =

冉

VAP
,
2LCdAL
1+
ALdLC

冊

共1兲

where LC is the effective dielectric constant of the LC layer
at a given voltage, AL is the dielectric constant of the alignment layer, and dAL and dLC are the thicknesses of alignment
layer and LC layer, respectively. Equation 共1兲 indicates that
VLC is smaller than VAP because of the voltage shielding
effect of the alignment layers. For a thick cell where dLC
Ⰷ dAL, Eq. 共1兲 is reduced to VLC ⬃ VAP, which means that the
dielectric shielding effect is negligible. However, for a thin
cell, the dielectric shielding effect would be apparent.
Figures 1共a兲 and 1共b兲 show the calculated voltagedependent transmittance 共VT兲 and reflectance 共VR兲 curves of
some thin VA cells at wavelength  = 550 nm and room temperature. Here, we assume that the anchoring is strong and
the pretilt angle is 2°. For the transmissive cell, we assume
that the alignment layers are polyimide with dAL ⬃ 80 nm
and AL = 3.4. For the reflective cell, we assume that the
alignment layers are SiO2 with dAL ⬃ 120 nm and AL = 3.9.
To keep the on-state voltage below ⬃6 Vrms for low power
consumption, we choose dLC⌬n = 360 nm for the transmissive mode and dLC⌬n = 180 nm for the reflective mode. All
the other physical properties of the LC material are taken the
same as Merck MLC-6608. The reference curves in Fig. 1
represent the cells without considering the alignment layer
effect. From Fig. 1, the voltage shielding effect remains
small for thick cells but gradually becomes evident when the
cell gap is below 2 m. If we take ⬃50% transmittance or
reflectance as an example, for the 2 m transmissive cell,
there is an ⬃0.4 Vrms voltage drop across the PI layers, while
for the 1 m reflective cell, the shielded voltage by the SiO2
layers is increased to ⬃1.1 Vrms. In a reflective cell, the cell
gap is thinner so that the voltage shielding effect is more
evident.
As the voltage exceeds a threshold, the LC directors are
reoriented by the electric fields. Taking a VA cell as an example, the value of LC gradually increases from 储 to ⬜ as
the applied voltage increases. Accordingly, the shielded voltage keeps on increasing. Such a voltage shift increases the
power consumption but has no benefit to the response time.
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FIG. 1. 共Color online兲 Cell gap dependent 共a兲 VT and 共b兲 VR curves. Reference curves do not consider the voltage shielding effects of the LC alignment layers. Other curves are for different thickness cells taking the voltage
shielding effect into account.

This is because at a certain gray level, although the ratio of
VAP / Vth increases, the VLC / Vth ratio remains the same. To
minimize the voltage shielding effect, a thin alignment layer
such as photoalignment whose alignment layer is only a
few nanometers13,14 is particularly attractive for thin cell
applications.
It is commonly known that LC directors are much easier
to be reoriented by an electric field under a weaker
anchoring.2,3 As the anchoring energy decreases, both threshold voltage and on-state voltage decrease. This phenomenon
manifests further in thin cells. Figure 2 shows the VT curves
for a 4 m cell and a 2 m cell under strong 共W ⬃ ⬁兲 and
medium 共W = 10−4 J / m2兲 anchoring conditions. The alignment layers and LC material properties are the same as those
in Fig. 1共a兲. With anchoring energy changing from strong to
medium, for the 4 m cell, the ⬃50% transmittance voltage
is decreased by ⬃0.5 Vrms. However, for the 2 m cell this

FIG. 2. 共Color online兲 VT curves of a 4 m cell and a 2 m cell 共but with
the same d⌬n兲 under strong anchoring 共W ⬃ ⬁兲 and medium anchoring
共W = 10−4 J / m2兲. Curve 1: d = 2 m, W ⬃ ⬁; curve 2: d = 4 m, W ⬃ ⬁;
curve 3: d = 4 m, W = 10−4 J / m2; curve 4: d = 2 m, W = 10−4 J / m2.

FIG. 3. 共Color online兲 Simulated LC tilt angle distribution under medium
anchoring energy W = 10−4 J / m2. 共a兲 d = 4 m and 共b兲 d = 2 m. In both
cases, d⌬n = 360 nm. Besides ⌬n, all other parameters are taken from
MLC-6608.

⬃50% transmittance voltage is reduced by ⬃0.9 Vrms. That
is to say, the anchoring energy effect is more sensitive to thin
cells than thick cells.
The physical mechanism of this phenomenon is investigated. Figures 3共a兲 and 3共b兲 show the simulated LC tilt angle
distributions of a 4 m cell and a 2 m cell with anchoring
energy W = 10−4 J / m2. Under the same medium anchoring
and same voltage, the LC directors at the boundary layers of
thin cells tilt more heavily than those of thick cells. The
distribution of LCs is a result of the balance between the
elastic energy, electric energy, and surface energy.15 Let us
divide the LC layer into two boundary layers and one bulk
layer in between. For the bulk layer in a thin cell, under the
same voltage, the electric field is stronger due to the smaller
cell gap, but the anchoring effect is also stronger because the
bulk layer is closer to the alignment layers. As a result, the
middle layer’s tilt angle is more or less the same between the
thin and thick cells. Indeed, this is the case shown in Figs.
3共a兲 and 3共b兲. However, for the two boundary layers, the
corresponding electric field is stronger in a thin cell than in a
thick cell under the same applied voltage but their anchoring
strength remains almost the same. Therefore, the LC tilt
angle near the surface boundaries is larger in a thin cell than
in a thick cell, as shown in Fig. 3. In other words, it takes a
lower voltage for a thinner cell to achieve the same transmittance than a thicker cell, as shown in Fig. 2. Please note that
the dLC⌬n of the cells remains the same, i.e., a thinner cell
would require a higher ⌬n.
Anchoring energy effect on the LC director’s response
time can be described as follows:3

o =

冉

冊

4dK 4K2
␥1
2
+ 2 ,
d
+
K2
W
W
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FIG. 4. 共Color online兲 Comparison of the response time for a 2 m transmissive cell under different anchoring energies. The voltage is applied from
0 to that corresponding to the first transmission maximum shown in Fig. 2.
Curve 1: W ⬃ ⬁; curve 2: W = 10−4 J / m2.

rise =

o
.
兩共V/Vth兲2 − 1兩

共2兲

From Eq. 共2兲, for a given LC material and cell gap, the decay
time 共o兲 becomes longer for a weaker anchoring energy.
However, the rise time 共rise兲 also depends on the voltage
switching ratio, defined as V / Vth. Although a weaker energy
lowers the threshold voltage, it also lowers the on-state voltage. Thus, its overall effect depends on the operating conditions. Figure 4 shows the response time for the 2 m cell
mentioned above under different anchoring energies. The
voltage is applied from 0 to that corresponding to the transmission peak shown in Fig. 2, i.e., V = 6.6 Vrms for strong
anchoring 共W ⬃ ⬁兲 and V = 3.9 Vrms for medium anchoring
共W = 10−4 J / m2兲. As the anchoring energy is decreased from
strong to medium, the 共rise, decay兲 time is increased from
关1.2 ms, 3.8 ms兴 to 关3.9 ms, 5.0 ms兴, respectively. The total
response time 共rise+ decay兲 is increased by ⬃78%. From Eq.
共2兲, the longer decay time results from the weaker restoring
force, but the longer rise time results also from a smaller
voltage switching ratio. Although the threshold voltage is
decreased under weak anchoring, the on-state voltage decreases even further. Thus, to achieve fast response time using a thin cell, a strong anchoring is preferred.
To validate the above analysis, we investigated the VR
curves of three LCOS cells with dLC ⬃ 2.4 m. The LC
employed is MLC-6608 whose physical properties are listed
as follows: K11 = 16.7 pN, K33 = 18.1 pN, 储 = 3.6, ⬜ = 7.8,
␥1 = 0.186 Pa s, no = 1.475, and ne = 1.558. All the data were
measured at 25 ° C and  = 633 nm. Figure 5 shows the
experimental data and fitting curves. The extracted
parameters are listed as follows: alignment layer 共SiOx兲
thickness ⬃共200⫾ 20兲 nm, pretilt angle ⬃5 ⫾ 1°, anchoring
energy W ⬃ 共1.8⫾ 0.3兲 ⫻ 10−4 J / m2, and effective ⌬n
⬃ 0.063⫾ 0.02. The effective ⌬n is lowered by ⬃24% from
the original value because of the defects and surface rough-

FIG. 5. 共Color online兲 Experimental data 共dots兲 and fitting curves of three
LCOS cells. Fitting curve 1 includes the voltage shielding effect, while
fitting curve 2 does not.

ness of the alignment layers.7 Comparing the difference between the solid line and dashed lines, which represent the
theoretical calculations with and without considering the
voltage shielding effect, respectively, we find a good agreement between the experiment and theory.
In conclusion, the alignment layer’s voltage shielding
effect and anchoring energy effect on the electro-optical response of VA LCDs with the thin cell gap are analyzed theoretically. Simulated examples are given to illustrate the influence. For the alignment layers presently in use, namely,
⬃80 nm polyimide and ⬃120 nm SiO2, we found that the
threshold voltage and on-state voltage are both increased
evidently when the cell gap is below ⬃2 m. Response
time of thin cells is significantly slowed down under weak
anchoring.
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